Bioactive lipid mediators play crucial roles in promoting the induction and resolution of inflammation. Eicosanoids and other related unsaturated fatty acids have long been known to induce inflammation. These signaling molecules can modulate the circulatory system and stimulate immune cell infiltration into the site of infection. Recently, DHA-and EPA-derived metabolites have been discovered to promote the resolution of inflammation, an active process. Not only do these molecules stop the further infiltration of immune cells, they prompt nonphlogistic phagocytosis of apoptotic neutrophils, stimulating the tissue to return to homeostasis. After the rapid release of lipid precursors from the plasma membrane upon stimulation, families of enzymes in a complex network metabolize them to produce a large array of lipid metabolites. With current advances in mass spectrometry, the entire lipidome can be accurately quantified to assess the immune response upon microbial infection. In this review, we discuss the various lipid metabolism pathways in the context of the immune response to microbial pathogens, as well as their complex network interactions. With the advancement of mass spectrometry, these approaches have also been used to characterize the lipid mediator response of macrophages and neutrophils upon immune stimulation in vitro. Lastly, we describe the recent efforts to apply systems biology approaches to dissect the role of lipid mediators during bacterial and viral infections in vivo.
Introduction
Microorganisms form most of the biomass in the world. Some of these microbes live in the environment and are innocuous, but some have evolved virulence mechanisms to infect and replicate in mammalian hosts and cause disease. The human body contains many beneficial microflora, but is also subject to frequent challenges by pathogenic bacteria and viruses. Therefore, the ability to discriminately identify and eliminate virulent microbes is essential for the host. The immune system has evolved pattern recognition receptors (PRRs) to recognize microbial components. Upon recognizing a microbial threat, the immune system induces an inflammatory response to recruit leukocytes to the site of infection. The cardinal signs of inflammation include heat, redness, swelling, pain and loss of tissue function [1] . At a molecular level, these symptoms are caused by a signaling cascade, which is promoted by collaborations between cytokines, chemokines, and eicosanoids and related lipid mediators including prostaglandins and leukotrienes. Eicosanoids are a family of bioactive lipid mediators that regulate a wide variety of physiological as well as pathophysiological inflammatory responses [1, 2] . These mediators are generated from arachidonic acid (AA) after its enzymatic release from membrane phospholipids via complex metabolic mechanisms involving over 50 unique enzymes [3] . In addition to arachidonic acid, the same enzymes can effectively metabolize other polyunsaturated fatty acids, such as linoleic and linolenic acids. While the induction of inflammation is a highly regulated process to control microbial infection, failure to resolve inflammation can lead to chronic disease or severe tissue damage. A class of anti-inflammatory/pro-resolution lipid mediators, including lipoxins, resolvins, protectins, and maresins, which are derived from AA, DHA and EPA, orchestrate the resolution phase of inflammation [4] .
The lipid metabolism network contains multiple precursors, large enzyme families, and over one-hundred lipid species. The complexity of this network is magnified by several characteristics. Multiple enzymes can act on a single substrate, and conversely, multiple substrates can be modified by the same enzyme [1] [2] [3] allowing for crosstalk between the pathways. Inhibition or down-regulation of an enzyme within one pathway may "shunt" the substrate through another pathway [2, 3, 5] . Also, many lipid mediators are susceptible to lipid peroxidation, non-enzymatic oxidation, or other modifications. Often, the in vivo levels of a specific lipid mediator are most accurately inferred by measuring the abundance of a stable degradation product rather than the mediator itself. Lastly, transcellular biosynthesis, a process in which a substrate intermediate produced by one cell type is utilized by another to generate the final lipid mediator [3, 4] , requires the understanding of interactions between different cell types. For these reasons, a systematic approach is required to understand the entire lipidomic response network.
Although studying the lipid-mediated immune response(s) involves deconvoluting a complicated network, the resulting insights have significant potential for therapeutic and translational impact. Certain lipidomic metabolism pathways have been highly valuable targets for pharmacological interventions. Non-steroidal anti-inflammatory drugs (NSAIDs) have been widely used as over-the-counter analgesics that mainly target the cyclooxygenase pathway [4, 6] . Besides the COX pathway, therapeutics have been developed that inhibit the lipoxygenase pathway. For example, the leukotriene receptor antagonists zafirlukast (Accolate) and montelukast (Singulair) have been shown to significantly improve the quality of life for asthmatic patients [7] . Moreover, statins, a class of therapeutics that reduce lowdensity lipoprotein (LDL) cholesterol levels in humans, also induce the generation of 15-epilipoxins, thus having an anti-inflammatory activity [8] . The use of statins and other immunoregulatory compounds may modulate inflammation during influenza [9] or other infections [10] . Lastly, the discovery of anti-inflammatory/pro-resolution lipid mediators that have the ability to modulate excessive inflammation in a wide range of animal disease models [8, 11] , including cystic fibrosis [12] , sepsis [13] and colitis (IBD) [14] , provides a potential new class of pharmacological compounds.
Role of eicosanoid and other bioactive lipid mediators in the induction and resolution of inflammation
Many lipid mediators have been studied individually to determine their functions in various biological contexts. Receptors recognizing lipid mediators may have one or multiple isoforms expressed differentially in distinct cell types; therefore, the effects of a lipid mediator are likely to be cell and tissue specific [15] . Due to the complexities and vast body of knowledge in the literature, we will not comprehensively discuss the characteristics, functions, and biogenesis of all the bioactive lipids but refer the reader to the many excellent reviews describing the various families of lipid mediators [3, 4, [16] [17] [18] . Instead, we will give an overview of the different classes of lipid mediators in the context of the immune response.
Arachidonic acid
Arachidonic acid (C20:4ω6) is released from the plasma membrane by phospholipases. The three major metabolic pathways for enzymatic arachidonic acid biogenesis are the cyclooxygenase pathway, lipoxygenase pathway, and cytochrome P450 pathway (Fig. 1A) . The cyclooxygenase pathway (COX-1 and COX-2) produces prostaglandins and thromboxanes. The lipoxygenase pathway (5-LOX, 12-LOX and 15-LOX) produces leukotrienes, and numerous hydroperoxy, hydroxy fatty acids (HPETEs and HETEs), hepoxilins and lipoxins. Finally, the cytochrome P450 pathway produces epoxides and corresponding dihydroxy metabolites of arachidonic acids (EETs and diHETrEs).
The conversion from AA to prostaglandins begins with the catalytic enzymes COX-1 or COX-2. COX-1 is encoded by a constitutively expressed gene ptgs1 and COX-2 is encoded by an immediate early response gene ptgs2 [15] . COX-1/2 produces PGG2 and PGH2, which in turn are converted to various prostaglandins (PGE 2 , PGD 2 , PGI 2 , and PGF 2α ) or thromboxanes (TXA 2 and TXB 2 ) by their cognate synthases. Many prostaglandins have proinflammatory activity due to their vasomodulatory effects [19] . PGE 2 is one of the most abundant prostaglandins produced in the body. It promotes many of the signs of inflammation due to its ability to augment arterial dilation and increase microvascular permeability; it also induces pain by acting on peripheral sensory neurons and on central sites within the spinal cord and the brain [20] . Recently, PGE 2 has been shown to possess anti-inflammatory activity, up-regulating cAMP and inducing the secretion of IL-10, an antiinflammatory cytokine [21] . PGD 2 is synthesized in the central nervous system to regulate neurophysiological functions and is also produced by mast cells, which initiate acute allergic responses [16, 22] . In addition to its pro-inflammatory activities, PGD 2 can significantly attenuate inflammation in experimental models of pleuritis and colitis [22] . Moreover, PGD 2 can be converted into its nonenzymatic degradation product 15d-PGJ 2 , which inhibits NFκb signaling and activates PPARγ, both contributing to anti-inflammatory effects [23] . PGE2 along with PGD2 also upregulates 15-LOX, giving rise to lipid mediator class switching and promoting the biosynthesis of pro-resolving mediators [24] . PGI 2 regulates cardiovascular homeostasis and mediates the edema and pain that accompany acute inflammation [16] . PGI 2 exerts its effects locally and is rapidly converted to its inactive hydrolysis product, 6-keto-PGF 1α , by nonenzymatic processes [16] . Elevated PGF 2α levels are reported in patients with chronic inflammatory diseases, such as rheumatoid arthritis, psoriatic arthritis, reactive arthritis, and osteoarthritis [16] . Because of its instability, the level of PGF 2α in vivo is reflected by its major stable metabolite 15k PGF 2α [16] . Lastly, thromboxane A2 (TXA 2 ) is an unstable metabolite that degrades into the biologically inactive TXB 2 [3] . TXA 2 is produced predominantly by platelets and mediates platelet adhesion and aggregation, smooth muscle contraction and proliferation, and activation of endothelial inflammatory responses [16] .
Within the LOX pathway, 5-LOX-derived leukotrienes (LTB 4 , LTC 4 and LTE 4 ) have chemoattractant activities and are potent mediators for immediate hypersensitivity, bronchoconstriction, smooth muscle contraction, and increased vascular permeability [25] . 5-HETE, another mediator produced by 5-LOX, has been shown to induce airway contraction and potentiate neutrophil transcellular migration [26] . In contrast to the 5-LOXderived pro-inflammatory lipid mediators, 12-and 15-HETE, derived from 12-LOX and 15-LOX, have anti-inflammatory activity, blocking TNFα-induced IL-6 secretion from macrophages [27] . 12-LOX derived hepoxilins (HXA 3 and HXB 3 ) are highly unstable, but their stable analogs can inhibit macrophage influx as well as fibrosis in the lung [28] . Lipoxins (LXA 4 and LXB 4 ), derived from 15-LOX or 5-LOX/12-LOX, are the prototypic members of the endogenous anti-inflammatory/pro-resolution lipid mediators [29] .
There are 57 human and 102 mouse functional enzymes within the CYP450 pathway [3] . 16-HETE, an ω-hydroxylated derivative of AA produced by CYP450 enzyme, can inhibit human PMN adhesion and aggregation, as well as decrease LTB 4 synthesis [30] . Epoxy-and dihydroxy-derivatives of arachidonic acid (EET and diHETrE) have anti-inflammatory activities due to their ability to activate the peroxisome proliferator-activated receptor alpha (PPARα) pathway [31] [32] [33] . Specifically, 5,6 EET and 11,12 diHETrE prevent leukocyte adhesion to the vascular wall [34] and 14,15 EET prevents TNFα-induced IκBα degradation in human airway smooth muscle cells [35] .
DHA and EPA
DHA (C22:6ω3) and EPA (C20:5ω3) are omega-3 fatty acids enriched in marine oil [36] (Fig. 1B) . These fatty acids can be hydroxylated by auto-oxidation or other nonenzymatic routes and many of these metabolites may not have biological activities. In contrast, some hydroxylated DHA, such as 13-HDoHE and 17-HDoHE, have direct and potent effects on the anti-inflammatory and pro-resolution processes [37, 38] . Furthermore, 18-HEPE, 17-HDoHE, and 14-HDoHE can be metabolized into potent mediators, such as resolvins, protectins, and maresins [39] . These lipid mediators can prevent further infiltration of immune cells to the site of infection as well as signal the non-phlogistic phagocytosis of apoptotic immune and epithelial cells, allowing return to homeostasis after microbial infection. These pro-resolution mediators exert their activities by binding to their cognate Gprotein coupled receptors [40] .
Linoleic and linolenic acid
Linoleic acid (C18:2ω6) and α-linolenic acid (C18:3ω3) are essential fatty acids [41] . Linoleic acid, an omega-6 fatty acid, can be converted to arachidonic acid (Fig. 1A) , while α-linolenic acid, an omega-3 fatty acid, can be converted to EPA (Fig. 1B) . Through the enzymatic activities of CYP450, epoxides of linoleic acid (9,10 EpOME and 12,13 EpOME) are generated. These epoxylated fatty acids are leukotoxins produced by activated neutrophils and macrophages. Elevated levels are associated with ARDS (acute respiratory distress syndrome) and cause pulmonary edema, vasodilation, and cardiac failure in animal models [42, 43] . These mediators and their soluble epoxide hydrolase catalyzed mediators DiHOMEs are chemotactic to neutrophils and exert their toxicity by disrupting mitochondrial function [44, 45] . Linoleic acid can also be metabolized into 9 or 13 hydroxylated linoleic acids, 9-HODE and 13-HODE. While, 9-HODE production can be catalyzed by multiple enzymes and non-enzymatic reactions, 13-HODE is generated by 15-LOX [46] . Interestingly, 9-HODE has been ascribed a pro-inflammatory role, activating G2A, a G protein-coupled receptor, which mediates intracellular calcium mobilization and JNK activation [46, 47] , while 13 HODE is an agonist for PPARγ and plays an antiinflammatory role [48] [49] [50] [51] [52] . In contrast to linoleic acid, the 5-LOX-catalyzed α-linolenic acid metabolite 9-HOTrE has no known biological activity; similar to linoleic acid, the linolenic acid metabolite 13-HOTrE, catalyzed by 15-LOX, possesses anti-inflammatory activity as observed in inflammatory joint diseases [53] .
Technological advances for mass spectrometry of lipids
Since the aforementioned precursors can be metabolized through enzymatic or nonenzymatic processes into over one-hundred different lipid species, the ability to accurately measure a large quantity of mediators simultaneously is essential for profiling the lipidome. Although ELISA can be used to quantify specific metabolites [54] , these assays depend on the availability of specific antibodies against the desired target and multiplexing capacity is limited. While GC-MS is able to quantify multiple analytes this approach requires chemical derivatization, which is not suitable for all lipid species. The electrospray ionization (ESI) technology allows for volatilizing lipids from an aqueous sample without prior derivatization. In this approach, lipid species are extracted from samples using solid phase extraction to enhance specificity and sensitivity [55] and deuterated analogs of each analyte are added as internal standards [56] . High performance liquid chromatography (HPLC) and collision-induced decomposition, when combined with ESI-MS and multiple reaction monitoring (MRM), can isolate and identify individual lipid species by matching their MRM signal and LC retention time with those of the pure standards. Quantification is achieved using the stable isotope dilution method and comparison with quantitation standards [57] . Further details of the methodology, including comprehensive descriptions and explanations, have been previously published [56, 58, 59 ].
Lipidomic profiling of immune cells response to stimuli in vitro
Recent advances in mass spectrometry now allow for the simultaneous measurement of a large number of lipid mediators. Since the macrophage is a crucial innate immune cell type in promoting the regulation of inflammation, it has been utilized as an in vitro model system for interrogating the mechanisms of lipid mediator induction. Ligand binding of Toll like receptor 4 (TLR4) has been shown to activate macrophages to a primed state, and subsequent stimulation with zymosan (TLR2/6 ligand) promoted the release of arachidonic acid [60] . To understand the mechanism of eicosanoid metabolism, Kdo2-LipidA was used as a defined ligand for TLR4 to stimulate a mouse macrophage cell line, RAW264.7 cells [61] . Upon stimulation of TLR4, cyclooxygenase-2 (COX2) was induced transcriptionally. Free arachidonic acid was released, followed by increased levels of secreted COX-derived PGF 2α , PGE 2 , PGD 2 , and 15-deoxy-Δ12,14-PGD 2 , and 15-deoxy-Δ12,14-PGJ 2 . A separate study determined that the eicosanoid production by RAW macrophages was similar even when the different TLR receptors (TLR1-7, TLR9) were stimulated by their cognate ligands [62] . In addition to TLR stimulation, intracellular Ca 2+ levels also regulate the production of eicosanoids [63] . Ca 2+ influx causes several enzymes, including phospholipase and 5-LOX to localize to the plasma membrane, thus activating lipid mediator metabolism. The interaction between TLR stimulation and Ca 2+ influx has been explored in greater depth using combinations of TLR ligands and Ca 2+ modulating ligands (PAF and UDP for transient Ca 2+ spike and ionomycin and ATP for sustained Ca 2+ influx). Data from lipidomic profiling demonstrated a synergy between TLR priming and sustained Ca 2+ influx to produce COX-and LOX-derived metabolites [62] . A systems biology approach has been applied further to integrate the transciptomic and proteomic data with lipidomic profiling during TLR stimulation in macrophages [3, 64] .
In parallel to the multiple T lymphocyte helper cell subsets (Th1, Th2, Th17, Treg), macrophages also have the plasticity to polarize toward different subsets [65] . While M1 is the classical activated cell type that produces pro-inflammatory cytokines and has enhanced microbicidal activity to eliminate pathogens, there is a gradient of alternatively polarized states for M2 macrophages [66] . M2a macrophages, stimulated by IL-4/IL-13, combat parasites and induce allergic reactions. M2b macrophages, stimulated by immune complexes and TLR/IL-1R ligands, are known to produce IL-10 and serve an immunoregulatory function. Finally, M2c macrophages, stimulated by IL-10, are involved in immunoregulation, matrix deposition and tissue remodeling.
Since the induction and resolution of inflammation would likely require different polarized macrophage cell types, Dalli et al. investigated the lipidomic profiles of human phagocytes under various pro-resolving conditions [67] . One of the pivotal events during resolution of inflammation is the clearance of apoptotic neutrophils by macrophages. When co-cultured with apoptotic PMNs, human macrophages produced increased levels of pro-resolving mediators, such as resolvin D1, D2, and lipoxin B 4 , along with prostanoids, including PGE 2 . When comparing lipidomic profiles of M1 (polarized by IFNγ and LPS) versus M2 (polarized by IL-4) macrophages, the pro-inflammatory M1 macrophages produced more pro-inflammatory mediators, such as PGE 2 , PGF 2α , TXB 2 , and the EPA-derived prostanoids. In contrast, M2 macrophages produced more pro-resolving mediators, such as resolvin D5 and E2, maresin 1, protectin D1, and lipoxins (LXA 4 , LXB 4 , and LXB 5 ) [67] . In addition, this study demonstrated that during efferocytosis, a key step in the resolution of inflammation, apoptotic cells and microparticles donate precursors to macrophages that are utilized for the biosynthesis of pro-resolving lipid mediators.
These in vitro systems have yielded a tremendous amount of data and insights into the lipidomic response of a specific cell type under defined stimulating conditions. However, during a microbial infection, multiple cell types with specific expression patterns and activation statuses work cooperatively to ensure a controlled process of inducing and resolving inflammation.
Lipidomic profiling in infection models

Roles of lipid mediators in bacterial infections
Bacterial pathogens have evolved a plethora of virulence mechanisms that interact with the host to cause a wide array of diseases. Conversely, the mammalian immune system relies on extracellular (TLR) and intracellular (NOD-like receptor, NLR) receptors, to recognize pathogens by their microbial components [68] . Upon ligation of these receptors and activation of signaling cascades, the host immune system mounts a coordinated response to recruit neutrophils, macrophages, and monocytes to the site of infection to combat the pathogen. While the physiological activities of many lipid mediators in modulating the host response have been characterized individually, several recent studies have examined the lipid metabolism network as a whole in the context of bacterial infection in different animal models.
Lyme disease is a vector-borne disease caused by the bacterium Borrelia burgdorferi. Untreated infection can manifest in diverse pathologies, the most common of which is arthritis [69] . The mouse model recapitulates key aspects of the disease, including the accumulation of macrophages and neutrophils at the site of infection [70] . Moreover, infection in a susceptible mouse strain (C3H) leads to edema and inflammation in the tibiotarsal joints, eventually developing into severe arthritis [70] . In contrast, infection in a resistant mouse strain (DBA) only leads to a mild inflammatory response and disease. By conducting a comprehensive analysis of B. burgdorferi infection in C3H versus DBA mice, Blaho et al. defined distinct lipidomic profiles for each of these infections [71] . The most dramatic differences between the infections in each strain were the elevated levels of the pro-inflammatory leukotriene E4, as well as the anti-inflammatory/pro-resolving protectins, PD1, in the infection of the susceptible strain compared to the resistant strain. This study was significant both because it defined the lipidomic profiles during an active bacterial infection and because many metabolites were identified, including CYP450 and 12-LOX products, that had not been previously associated with the immune response to infection.
While B. burgdorferi is transmitted to humans by tick bites, other bacterial pathogens, such as Escherichia coli, Listeria mono-cytogenes, and Salmonella typhimurium, are ubiquitous and can be transmitted via contaminated food [72] . To understand the role of lipid mediators in promoting the induction and resolution of inflammation in response to E. coli, Chiang et al. conducted lipidomic analysis in a mouse model of peritonitis [73] . They compared bacterial inocula that lead to a self-limiting inflammatory response (10 5 CFU E. coli per mouse) to inocula that resulted in exacerbated inflammation and delayed resolution (10 7 CFU E. coli per mouse). The self-limiting infection was characterized by an increased level of pro-resolving, anti-inflammatory lipid mediators, including resolvins (RvD5) and protectins (PD1), compared to the delayed-resolving infection. This bias toward a proresolving profile was concurrent with the cellular profile of the infected tissues. The number of PMNs peaked early, at 12 h post self-limiting infection, followed by an influx of monocyte/macrophages. In contrast, in the infection with delayed resolution, the number of PMNs peaked at 24 h and was sustained through 48 h. Furthermore, the authors determined that the pro-resolving lipid mediators were able to enhance the phagocytic activities of the immune cells, prevent hypothermia, and improve survival of the infected animals. Besides limiting bacterial burden when added exogenously, these pro-resolving lipid mediators allowed the use of a lower dose of antibiotic to treat the infection (ciprofloxacin against E. coli in the peritonitis model and vancomycin against Staphylococcus aureus in the skin infection model). This is especially significant because antibiotic resistance of bacterial pathogens is an increasingly severe problem. Intracellular sensing of bacterial pathogens by NLRs has been identified as an important second signal after TLR ligation and occurs through activation of a multi-protein complex called the inflammasome [68] . The activated inflammasome, through caspases, induces processing of the pro-inflammatory cytokines IL-1 and IL-18 and triggers the pro-inflammatory cell death pathway known as pyroptosis [74] . Infection with S. typhimurium and Legionella pneumophila activate the inflammasome in vivo [75] . In order to study activation of the inflammasome in the absence of other potentially confounding microbial components, von Moltke et al. utilized FlaTox (a fusion protein of the L. pneumophila flagellin, FlaA, and the amino-terminal domain of Bacillus anthracis lethal factor) [76] . Interestingly, systemic activation of the inflammasome in mice led to an "eicosanoid storm", characterized by rapid production of COX and LOX derived metabolites (prostaglandins, leukotrienes, but not lipoxins). The aberrant release of these pro-inflammatory eicosanoids led to hemoconcentration, fluid accumulation, diarrhea, hypothermia, and death within 30 min. These expeditious physiological phenotypes were due to the uniquely primed states of the resident peritoneal macrophages. In contrast, bone marrow derived macrophages did not produce the same lipid mediators upon FlaTox stimulation [76] . This study was the first to describe a link between eicosanoid production and inflammasome activation. In addition, while activation of the inflammasome causes secretion of pro-inflammatory IL1β/IL18 and pyroptosis as eventual consequences, this data suggests that caspase activation and rapid calcium mobilization may trigger early release of bioactive lipid mediators as a primary effector function.
The use of FlaTox allows for precise activation of the inflammasome without triggering an extraneous host response; while the selective nature of the activation makes FlaTox a useful tool, it results in a somewhat artificial system. Further animal experiments using Salmonella or Legionella will be important to determine the physiological consequences of inflammasome activation. Lipidomic analyses of these infections could confirm the induction of pro-inflammatory lipid mediators. In addition, these analyses could reveal whether anti-inflammatory/pro-resolving mediators, especially those derived from DHA or EPA, are also produced during normal infection to prevent catastrophic events, such as rapid hemoconcentration. Lastly, inoculation with purified, exogenous lipid mediators would determine if any anti-inflammatory/pro-resolution metabolites could ameliorate the proinflammatory response and prevent mortality.
Many bacterial pathogens cause acute infection with transient clinical symptoms; others have evolved to modulate the immune response to establish persistent or chronic infection [77] . Mycobacterium tuberculosis (Mtb) is a Gram-positive bacterium that causes the respiratory disease tuberculosis (TB), characterized by granuloma formation. An estimated one-third of the world population is infected with M. tuberculosis but remains asymptomatic [78] . These latent infections are persistent and can be reactivated to cause active TB. The vaccine strain, BCG, has not been particularly effective in providing immune protection [79] . To make matters worse, multi-drug resistant (MDR), extensively drug-resistant (XDR), and totally drug-resistant (TDR) strains of TB are beginning to emerge [80] .
The impact of host-genetic variation on the immune response leading to the various outcomes after Mtb infection is not well understood. In a zebrafish M. marinum infection model, a mutation in the locus lta4h, encoding the enzyme involved in producing leukotriene B4, was shown to cause a hypersusceptibility phenotype in zebrafish [81] . The hypersusceptibility was due to an increased shunting of the leukotriene B4 (LTB 4 ) precursor LTA 4 to produce the anti-inflammatory lipoxin A4 (LXA 4 ), resulting in dysregulated TNF signaling. To further dissect the mechanism, Tobin et al. measured the lipidomic profile of zebrafish during M. marinum infection and determined that excesses of either antiinflammatory LXA 4 or pro-inflammatory LTB 4 induced macrophage necrosis [82] . The dysregulated cell death program allowed for exuberant extracellular growth of the bacterium. Perturbation of the crucial balance between pro-and anti-inflammatory responses to modulate the LTA4H-TNF axis was achieved by both genetic methods (overexpressing or knock-down of LTA4H) and pharmacological interventions (aspirin, 15-LOX inhibitor, LTB 4 receptor antagonist, and dexamethasone). These disruptions influenced the levels of TNF production, altering the host susceptibility to infection. Importantly, this led the investigators to identify a human genetic polymorphism at the lta4h promoter that is associated with the beneficial or detrimental effects of therapeutics [82] . The host responds differentially to various pathogens to ensure successful containment of the infection by relying on lipid mediators to induce the appropriate pro-and anti-inflammatory programs. Some pathogens may have evolved virulence mechanisms to exploit this process. For example, a secreted 15-LOX homolog, LoxA, was discovered in P. aeruginosa that may be able to modulate the host response via biosynthesis of the anti-inflammatory 15-HETE [83] .
These lipidomic profiling studies have yielded intriguing insights into the role of lipid mediators in promoting the induction and resolution of inflammation during bacterial infections. Moreover, these studies identified potential drug targets and treatments, either using pro-resolving lipid mediators or chemical compounds to influence lipid metabolism or signaling.
Role of lipid mediators in viral infections
A virus hijacks the host machinery to replicate itself. Mechanisms leading to activation of the immune response to viral pathogens have been the focus of intensive research. Host cells use various receptors including TLRs and intracellular sensors, such as RIG-I like receptors (RLRs), AIM2-like receptors (ALRs), and DExD/H box proteins DDXs/DHXs, to induce an antiviral type I interferon response against RNA and DNA virus infections [84, 85] . Influenza virus is an enveloped, negative-sense, single-stranded RNA virus belonging to the family Orthomyxoviridae. Different strains of influenza virus can have varying levels of pathogenicity. For example, the notorious and highly pathogenic 1918 pandemic H1N1 strain is believed to induce a "cytokine storm", which is responsible for devastating tissue damage and resulting fatality [86] [87] [88] . While seasonal influenza strains typically have low mortality rates, the recently emerging avian strains H5N1 and H7N9 appear to be highly pathogenic. There is significant evidence that different influenza strains induce qualitatively different host responses, potentially influencing the disease outcome.
Recently, multiple groups have investigated how lipid mediators can regulate inflammation during an influenza infection. Morita et al. profiled lipid mediators in the lungs of infected animals during early events (up to 48 h post infection) using a mouse influenza model [89] . When comparing infection with the mouse-adapted PR8/H1N1 strain to uninfected PBS controls, several pro-resolving mediators, including 12-HETE, 15-HETE, 17-HDoHE, and PD1 were found at a lower abundance in infected animals. This was significant because the same mediators were able to inhibit influenza infection in vitro when added exogenously. Using the 2009 H1N1 pandemic strain, a highly pathogenic H5N1 strain and its avirulent variant, the lipidomic profile indicated that production of PD1 is suppressed only in the H5N1 infection. Upon exogenous addition (i.v.), a biological isomer of PD1 was able to lower the mortality rate of animals during lethal influenza infection. Furthermore, the investigators discovered that this PD1 isomer prevents influenza replication by inhibiting RNA export from the nucleus. Interestingly, this beneficial effect of the protectin pathway was not linked to its anti-inflammatory/pro-resolution activities.
Using a similar approach, we have profiled the lipidome in the broncho-alveolar lavage of mice infected with PR8 (at either a sub-lethal or lethal dose) or a low pathogenicity strain, X31/H3N2, during the course of influenza infection (day 3-19 post infection) [90] . Surprisingly, metabolites within the COX pathway showed similar kinetics between all three infection conditions. Metabolites derived from the LOX and CYP450 pathways, and those derived from linoleic acid, DHA, and EPA, had distinct profiles in the two viral infections during the resolution phase of inflammation. By analyzing the metabolites based on their pro-or anti-inflammatory activities, we discovered a normal sequence of events during mild influenza infection with X31: the pro-inflammatory response peaked early and diminished, followed by an anti-inflammatory response later in the course of infection. In contrast, PR8 (at both a sublethal or lethal dose) induced overlapping pro-and anti-inflammatory responses. Furthermore, when we analyzed the metabolites derived from the LOX pathway, 5-LOX metabolites correlated with the pathogenic phase of the infection whereas 12/15-LOX metabolites were associated with the resolution phase. Lastly, some of our findings in the mouse model were validated by the lipidomic profiles of nasopharyngeal lavages from human influenza clinical samples obtained during the 2009-2011 influenza seasons.
Comparison between viral and bacterial infection
Although comparing the host-response to infection with different pathogens is a challenging task, this approach can identify common, fundamental immune mechanisms as well as highlight unique features of each pathogen that drive disease. We have compared the lipidomic profiles between the E. coli peritonitis model [73] , Lyme arthritis model [71] , and the influenza infection model [89, 90] and determined the fold-change over uninfected or mock-infected controls for a selected number of representative metabolites (Fig. 2) .
In all of these infection models, leukotriene B4 or E4 was associated with adverse disease outcomes, such as delayed resolution of E. coli infection, severe arthritis in B. burgdorferi infection of the susceptible mouse strain, and lethality in influenza infection with the highpathogenicity strain PR8. This is not surprising because the sustained recruitment of PMNs would delay resolution of inflammation and lead to increased cellular damage from neutrophils. Conversely, the anti-inflammatory EPA-derived metabolites are associated with self-limiting E. coli and low pathogenicity X31 (influenza) infections, both of which are self-resolving. One interesting discrepancy between the infection models is the production of PD1. During E. coli and influenza infections, production of PD1 was down-regulated compared to uninfected controls. However, during B. burgdorferi infection, especially in the susceptible mouse strain, PD1 production was up-regulated. While linoleic acid-derived metabolites were only measured in the Lyme arthritis and influenza models, significantly increased levels were detected in the susceptible B. burgdorferi infection and high pathogenicity influenza infection (either sublethal or lethal). This concurrence between the two animal models suggests that linoleic acid-derived metabolites are associated with the pathogenic phase of infection.
We have shown that the ratio of 13:9 HODE is a potential biomarker for immune status during influenza infection [90] . The ratio of 13:9 HODE increased during the resolution phase of infection and was significantly elevated in the low pathogenicity infection, indicating a bias toward an anti-inflammatory, pro-resolution state. During B. burgdorferi infection, the ratio of 13:9 HODE was higher in the resistant mouse strain than in the susceptible strain at every time point, suggesting that the ratio may be useful as a biomarker for immune status in other infection models. We have also determined that infection with the high pathogenicity PR8 influenza virus was associated with a dysregulated immune program in which the pro-inflammatory and anti-inflammatory responses overlapped [90] . This was also recapitulated in the Lyme arthritis model, exemplified by the increased levels of LTE 4 , linoleic acid-derived metabolites (pro-inflammatory) and 12-HETE, 15-HETE, 5, 6-EET, PD1 (anti-inflammatory/pro-resolving). While the similarities and differences between the lipidomic profiles in the various infection models are intriguing, additional datasets and further experiments will be required to determine the breadth and biological significance of these observations.
Conclusion
The innate immune response is the first line of defense against microbial pathogens. The recruitment of mononuclear cells and PMNs is crucial in mounting an effective response. However, if the induction of inflammation is left unchecked, the immune response can become detrimental to the host. Lipid mediators allow a rapid response to pathogens due to the readily availability of the precursors and enzymes. Stimulation of innate immune cells in vitro with Toll ligands and other immune modulators induces rapid and robust production of a wide range of lipid mediators. Lipidomic analysis also revealed differences in activation status of macrophages [61] , as well as various polarized subsets of macrophages [67] . The similarly dynamic lipidomic profiles observed in various infection models provided informative insights for the status and progress of inflammation. A common theme is that aberrant production of the pro-inflammatory or anti-inflammatory/pro-resolution lipid mediators often leads to a severe disease outcome or mortality. Importantly, several biomarkers, chemical interventions, and potential drug targets have been identified in these studies.
Future directions
While utilizing animal models has been fruitful in biomedical research, in the future, more emphasis will likely be placed on examining human clinical samples. The genetic uniformity and precisely defined experimental conditions available in an animal model is an advantage for basic research, but the clinical relevance of studying human biological samples is indisputable. Computational tools and systems biology approaches will be required to unravel the complexities of human genetic variability and uncertain environmental and epidemiological conditions. Many studies have undertaken the task of determining the lipidomic profiles in human samples, such as exhaled breath condensate from asthma patients [91] , blood samples from patients undergoing abdominal aortic aneurysm surgery [92] , and our study of the nasopharyngeal lavage from influenza-infected patients [90] . Undoubtedly, lipidomic analysis will be applied to understand the role of lipid mediators in other human diseases. From the animal models discussed above, we have learned that genetic deficiencies or hypomorphic variants may disrupt the lipid metabolism networks in complicated manners, often due to crosstalk between the enzymes and substrates. The integration of transcriptomic, proteomic, and lipidomic analysis that has been successfully applied in vitro [3] will be critical to overcome the challenges of human clinical samples. Confirmation of the relevance to human disease of specific metabolic pathways identified in animal studies will elucidate potential drug targets that can then be perturbed in animal models to determine their impact on the pathogenesis of disease. This continuous and iterative process, using both animal models and human clinical samples, will surely generate important insights into combating infectious diseases. 
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